Objective-To examine the hypothesis that the anatomic equivalents of the fast and slow pathways identified in patients with atrioventricular (AV) nodal tachycardia may be universal and represent the principal sites of atrial input into the normal compact AV node. Methods-15 patients undergoing complete AV junction ablation for paroxysmal atrial fibrillation were studied. Radiofrequency energy was delivered first in the anterior "fast pathway" position so as to prolong the atrium to bundle of His (AH) interval by over 50% of baseline (protocol 1) and then to the "slow pathway" position using the anatomical technique (protocol 2). Results-Ablation protocol 1 resulted in prolongation of AH interval in all patients. Subsequent lesions at the level of the coronary sinus produced complete heart block in four patients, and in five caused a further increase in AH interval above that produced by protocol 1. Four of these latter patients developed complete block after delivery of RF energy slightly anterior to the level of the coronary sinus os, as did three further patients in whom ablation at the level of the coronary sinus had no effect. In four patients complete heart block could not be achieved by protocol 2. Conclusions-A discrete anterior "fast" pathway and a posterior "slow" pathway or network of posterior pathways form the principal inputs to the compact AV node in most patients with atrial fibrillation. The absence of dual AV nodal physiology in the majority of these patients may be related to the functional properties of the individual components of this posterior network.
The application of catheter ablation techniques to patients with atrioventricular (AV) nodal reentrant tachycardia has been accompanied by an increased understanding of the anatomy and physiology of the human AV node.'2 The fast AV nodal pathway of such patients can be selectively destroyed by lesions applied anteriorly, near the apex of Koch's triangle, resulting in a prolongation of AV node conduction time.34 The slow AV nodal pathway is ablated by lesions applied posteriorly, adjacent to the ostium of the coronary sinus.56 Anatomical studies of the AV node in humans with AV nodal reentrant tachycardia or dual AV nodal physiology have shown that the node and perinodal tissues of these patients are structurally no different from those of normal individuals,7 the implication being that the anatomical equivalents of the fast and slow pathways may be universal and represent the principal sites of atrial input into the normal compact AV node. The aim of our study was to examine this hypothesis by determining the effects of sequential radiofrequency (RF) catheter ablation lesions delivered first to the "fast pathway" and then to the "slow pathway" positions in patients without AV nodal reentrant tachycardia.
Methods PATIENT 
SELECTION
Patients referred to our institution in a consecutive series for complete ablation of the AV junction were asked to participate in the study. The indication for this procedure in all patients was recurrent or established atrial fibrillation with symptoms uncontrolled by drug therapy. Ethical approval for the study was obtained from the local ethics committee and informed consent was obtained from all patients.
All patients underwent 12-lead electrocardiography, chest radiography, and transthoracic echocardiography on the day of admission to establish the rhythm at that time and the presence and extent of structural heart disease. Patients who were not in sinus rhythm on the day of admission to hospital underwent DC cardioversion, as is our usual clinical practice. Two patients were excluded from the trial because of established atrial fibrillation that did not respond to cardioversion. No other patients were excluded from the study.
BASELINE ELECTROPHYSIOLOGICAL STUDY
All patients underwent a baseline electrophysiological study in the fasting state immediately before the ablation procedure. The electrophysiology study was performed with four electrode catheters (right ventricle, right atrium, His bundle, proximal coronary sinus) introduced through the femoral and subclavian veins. Multiple surface ECG leads and intracardiac electrograms from the different sites were simultaneously displayed and recorded on a multichannel oscilloscopic recorder and on paper at a speed of 100 mm/s. Atrioventricular nodal function was assessed using standard methods, with up to two right atrial extrastimuli being introduced during construction of antegrade curves at two basic drive cycles. Atrium to His bundle (AH) interval was measured from the earliest rapid deflection of the atrial electrogram on the His bundle catheter to the onset of the His bundle potential. Dual AV nodal pathways were considered to be present when there was more than a 50 ms increase in AH time following a 10 ms reduction in Al-A2 or A2-A3 interval. Ventriculo-atrial conduction was also assessed using standard techniques, with up to two right ventricular extrastimuli being introduced during construction of retrograde curves at two basic drive cycles. Patients proceeded to the ablation protocol irrespective of the presence or absence of dual AV nodal pathways.
CATHETER ABLATION PROTOCOL
All patients with a baseline AH interval of < 100 ms in sinus rhythm underwent ablation protocols 1 ("fast pathway" ablation) and 2 ("slow pathway" ablation) of the study. Patients with an initial AH interval of > 100 ms were considered to have no "fast pathway" antegrade conduction at baseline and underwent protocol 2 only. increase in the PR interval was seen, no further increments in power were made and the power output was continued at this same level for an additional 10 to 15 s. At this time RF energy delivery was terminated and the AH interval in sinus rhythm was reassessed. If the AH interval had not increased by at least 50% over the baseline value, then the catheter was repositioned and radiofrequency energy delivery repeated according to the protocol described above. In contrast, if the AH interval was increased by 50% or more over the baseline value and remained so after a 5 min waiting period, no more energy was delivered in the "fast pathway" position (end point for protocol 1) . After completion of protocol 1, AV nodal function was reassessed in both antegrade and retrograde directions, as described for the initial baseline electrophysiology study. Particular attention was paid to the timing of retrograde activation of the atrium at the proximal coronary sinus relative to that at the His bundle catheter during construction of retrograde curves.
Protocol 2
The ablation catheter was slowly withdrawn along the tricuspid septal annulus down to the most posterior/inferior aspect of the interatrial septum adjacent to the coronary sinus ostium (region P on fig 1) . The site was considered optimal if the bipolar recording obtained from the distal electrodes showed an atrial:ventricular electrogram ratio of 0-1 to 0 5. The presence of slow pathway potentials was sought but was not considered a prerequisite for energy delivery at such a site. Radiofrequency energy was delivered at this position at a power output of 30 W until complete heart block was achieved or until 30 s had elapsed. Radiofrequency energy delivery was terminated prematurely if junctional ectopy was not observed, suggesting the presence of poor tissue contact or if a marked rise in impedance occurred. If complete heart block did not result after 30 s of energy delivery then, while an optimal A:V ratio was maintained, the catheter tip was moved a few millimetres anteriorly and RF energy redelivered according to the protocol of slow pathway ablation described by Jazayeri et al. 6 The end points of protocol 2 were complete heart block or the recording of a His bundle electrogram on the ablation catheter.
Those patients that were not in complete heart block at the end of protocol 2 underwent standard His bundle ablation. After evaluation of the underlying escape rhythm, all patients had resulted in an increase in PR interval from 0-16 to 0-22 s. Three patients had been thought to be in established atrial fibrillation until cardioverted to sinus rhythm the day before the procedure. At baseline electrophysical charac-ological study, only two patients fulfilled the part in the criteria for antegrade AV nodal duality and an age was none had inducible junctional reentrant tachyfemale and cardias of any type. At baseline mean AH disease was interval was 81 ms (range 40 to 130 ms) and 3 patients: mean AV nodal antegrade effective refractory (three had period was 264 ms (range 200 to 430 ms). artery dis-Retrograde conduction was present in only eight. One eight patients at a ventricular paced cycle eplacement length of 550 or 600 ms. During ventricular nother had pacing, the earliest atrial activation occurred at )ne patient the His bundle electrode position in seven of wvidence of these patients and at the proximal coronary sinus in one patient (No 13) : ventriculo-atrial conduction showed decremental properties in Protocol 1 all eight patients.
EFFECTS OF PROTOCOL 1 ("FAST PATHWAY" ABLATION)
All 11 patients with a baseline AH interval < 100 ms in sinus rhythm underwent ablation protocol 1, resulting in an increase in mean AH interval of 58 ms (mean increase of 84% over baseline value) in these patients (see fig  2) . Although a mean of 3-5 ablation lesions per patient (range 1 to 11) was delivered, the prolongation of AH interval occurred as an "all or none" phenomenon after a single RF lesion in all cases, that is, it was not the result of a succession of smaller AH changes. Among the nine patients in whom it was measured both before and after protocol 1, antegrade effective refractory period of the AV node was not significantly affected (251 ms v 255 ms, NS Previous studies of patients with atrial fibrillation have examined the effects of radiofrequency catheter ablation in either the anterior or posterior position alone. Duckeck and coworkers" described a protocol in which they delivered radiofrequency lesions at a site similar to that described for fast pathway ablation, in an attempt to increase the AV nodal Wenkebach cycle length and improve symptomatic status without the requirement for permanent pacemaker implantation. The proposed endpoint of their protocol was a combination of AH prolongation and a Wenkebach cycle length of > 400 ms, but this could be achieved in only 10 of 50 patients. Most patients developed AH prolongation alone (and recurrent symptoms) or complete heart block. In contrast, several recent reports have documented the ability of radiofrequency catheter ablation lesions directed at the posterior or midseptal regions to decrease ventricular rate without causing heart block in patients with atrial fibrillation."'2-5 The protocol used by Williamson et al '4 is similar to the anatomical approach for slow pathway ablation described by Jazayeri et a16 and used in our study. The procedure was apparently successful in that it decreased ventricular rate to 120 beats/min during isoprenaline in 14 of the 19 patients studied (74%). Feld ablation lesions were applied initially at a midseptal position, with additional lesions applied progressively posteriorly until the ventricular response during atrial fibrillation fell below 100 beats/min. These studies suggest that AV nodal refractoriness (and ventricular rate in AF) is determined primarily by a posterior atrio-nodal input similar to the slow pathway seen in patients with AV nodal reentrant tachycardia. Other studies suggest that there are differences between the two patient groups, however. Della Bella et all' have reported that prolongation of AV nodal refractoriness induced by this procedure in patients with atrial fibrillation is a stepwise phenomenon requiring energy delivery at several sites, rather than the all or none response of slow pathway ablation in patients with AV nodal tachycardia or "fast pathway" ablation seen in our study. With the relatively low success rate of the procedure in patients with AF (compared with AV nodal reentrant tachycardia), this may indicate that the posterior input is more diffuse or is more of a network than a discrete pathway in these patients.
Of particular interest in this regard is the response of four patients in our study in whom ablation at the level of the coronary sinus os produced AH prolongation additional to that seen after initial fast pathway ablation, but in whom complete block was achieved by ablation slightly anterior to the original slow pathway ablation site. The presence of a second or multiple posterior inputs or multiple entrances to a single posterior input (fig 3) are possible explanations of this phenomenon. Residual slow pathway conduction is not uncommon after successful slow pathway ablation for AV nodal reentrant tachycardia6 and would also be in keeping with the concept of multiple posterior inputs. These clinical observations are perhaps not surprising given that multiple atrionodal bundles (transitional cell zones) have been demonstrated in anatomical studies.'6 It is possible that the relative refractoriness of the various entrances to the main posterior input (or of separate posterior inputs) may be the main determinant of the presence or absence of dual AV nodal physiology'7 in these patients. Further elucidation of the precise physiology of the atrionodal inputs to the compact node may require detailed intracardiac mapping using intraoperative multielectrode techniques: such studies would avoid the problems of interpretation inherent in the use of catheters with electrodes at varying orientations and distances from the endocardial surface. The question of whether ablation lesions at slow pathway sites (posterior or mid locations) might produce their effects by causing partial damage to the compact AV node has been addressed by several workers and anatomical studies would suggest that this is unlikely,2 although it cannot be definitively excluded. The heterogeneity of AV nodal anatomy is such that varying degrees of heart block can result from lesions at these sites in patients with AV nodal reentrant tachycardia, but in practice it is uncommon (less than 2%), even using a purely anatomical approach. Histopathological examination of a single patient following slow pathway ablation pro- The study protocol was specifically designed so that fast pathway ablation was performed before slow pathway ablation, and in no instance was slow pathway ablation performed first. The incidence of complete heart block associated with the fast pathway approach alone (at least in patients with AV nodal tachycardia) is sufficiently high in some series for the occurrence of complete block with a sequential "slow then fast" pathway ablation protocol to be very difficult to interpret: it could always be said to be the result of overzealous fast pathway ablation. In addition, the end point for slow pathway ablation alone in patients with characteristics similar to our study group is very poorly defined: most studies of this approach have been performed while the patients are in atrial fibrillation."3 14 In our study we followed a stepwise "anatomical" approach to slow pathway ablation, rather than being guided by the presence of slow pathway potentials. Recent intraoperative multielectrode studies of the triangle of Koch'9 have suggested that high or low frequency potentials are relatively non-specific guides to ablation and may be found at regions remote from, as well as at the site of, the earliest retrograde atrial exit of the slow pathway. It may be that a combination of slow potential localisation and retrograde atrial mapping is the optimal approach,5 but retrograde conduction by the slow pathway was present in only three of the 15 patients in our study.
Sequential fast and slow pathway ablation was unsuccessful in causing complete antegrade block in four of the 15 patients (27%). This failure rate is similar to that described for posterior ablation in previous studies of patients with atrial fibrillation."''4 It may be that the reasons for failure are the same as proposed for these studies of posterior ablation alone, that is, the presence of a network of posterior atrionodal inputs rather than a single discrete pathway. Alternatively, inputs from the left atrium may be important in some patients. The anterior and posterior atrionodal fibres are formed from the transitional cell group. The anterior group comprises in turn both superficial and deep fibres. The deep fibres approach the compact node from the left side of the atrial septum'6 and, unlike the superficial fibres that originate in the right atrial aspect of the muscular rim of the oval fossa, are unlikely to be destroyed by anterior ablation lesions. Finally it is possible that failure to perform protocol 1 contributed to the failure of protocol 2 to cause complete heart block in one patient (No 2), that is, antegrade fast pathway conduction may have been present despite a relatively long AH time and the absence of retrograde conduction at baseline.
STUDY LIMITATIONS
As a result of the nature of the selection process, the subjects entered into this study were far from "normal" in terms of cardiac structure and AV nodal function. In addition to the almost universal presence of structural heart disease, AH interval was prolonged, and retrograde (ventriculo-atrial) conduction was absent at baseline in a high proportion of cases. Consequently one cannot automatically assume that the findings of this study would be reproduced if the protocol were to be performed using subjects with completely normal hearts. Nevertheless, the fact that success or failure of the protocol to achieve complete heart block was not associated with any identifiable abnormal baseline characteristic would suggest that this is likely to be the case.
As 
